AD-A173 997 BRUSHLESS DC MOTORS VELOCITY AND POSITION CONTROL OF . l.ﬁ
T E BRUSHLESS DC MOTORCU> NAYAL POSTGRADUATE SCHOOL
EREY CA N ¥ DURUSU JUN 86
UNCLASSIFIED F/G 18/2

M
&
i




e o, .. LR

25

Il

3 [}
"- li

22
20

Ak a
”m o-LLL.:.:.M

=

WAL YL

d s @ \ .
2 .rn.t.-.n!f oo -

1.6

1.4

 ——
—
—
]
—_—

!

NATIONAL BURLAU OF STANDARDS 1963 A

MICROCOPY RESOLUTION TEST CHART

2 |

fy
i

&

PoTg—

ATimlm A .



ri:."i{','\‘.",&7.\';\'.\'3'_‘.'_\'.7.'(.\'._".T_\T\':'.':\' LA A AL SN AN et L N A L A A A N O R R S R Y LA Nt e do S SE ALt AL

. ALY
. ~i*$~$‘
- ] ﬁ'\ Ll
. fuhﬁ

4

TTURCXX

- NAVAL POSTGRADUATE SCHOOL o

Monterey, Galifornia o
DTIC

ELECTE S
NOV 1 7 %68 o

. R '.'
hd S

M A
D s ':\.‘

LRV N
{ y e

".--. -'_:-.
AR
I
N e
bt AL
Ix -. -\‘
i)
l‘. a -‘. 0
» "'_.-' =
:f{-"‘l
{s!

-,
e
AP
et A

| THESIS

BRUSHLESS DC MOTORS, VELOCITY AND POSITION
CONTROL OF THE BRUSHLESS DC MOTOR

AD-A173 997

by

Nezih Y. Durusu

June 1986

Thesis Advisor: George J. Thaler

Approved for public release; distribution is o
unlimited. RN

MC FILE COPY

R
a

g 1 17 09%




F AR AN
GG

e

LA
.l_!‘l_'

B
il Y
. "y v

." -" At".. 'A.- “‘l‘. ,

NS

upghésglglgn
SECURITY CLASSIFICATION i PA

REPCRT DOCUMENTATION PAGE

Ta REPORT SECURITY CLASSIFICATION Tb. RESTRICTIVE MARKINGS
UNCLASSIFIED
23 SECURITY CLASSIFICATION AUTHORITY 3 OISTRIBUTION/AVAILABILITY Of REPORT
Approved for public release;
2b DECLASSIFICATION / DOWNGRADING SCHEDULE distribution is unlimited.
4 PERFORMING ORGANIZATION REPORT NUMBER(S) S _MONITORING ORGANIZATION REPORT NUMBER(S)
6a. NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION
(IF applicabdle)
Naval Postgraduate School Code 62 Naval Postgraduate School
6¢c. ADDRESS (City, State, and 2P Code) 7b. ADORESS (City, State, and ZIP Code)
Monterey, California 93943-5000 Monterey, California 93943-5000
8a. NAME OF FUNDING / SPONSORING 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBSER
ORGANIZATION (If applicable)
8c. ADORESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO NO NO ACCESSION NO

VUOTITLE (Include Security Classification)
BRUSHLESS DC MOTORS, VELOCITY AND POSITION CONTROL OF THE BRUSHLESS
DC _MOTOR

Tl PERSONAL AUTHOR(S)
Durusy, Nezih Y

“3a TYPE OF REPORT 11b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) [1S PAGE COUNT
Master's Thesis FROM 1O 1986 June 103

‘6 SLPPLEMENTARY NOTATION

©T COSATI CODES 18 SUBJIECT TERMS (Continue on reverse (f necessary and identify by block number)

2€0D GROUP 5UB-GROUP Brushless DC Motors, Velocity and Position

Control, Microprocessor Controller

3 2357RACT (Continue on reverse «f necessary and dentify by biock number)

A velocity feedback controller for the brushless DC motor was designed
using the Hall effect sensors. In addition, the position control of the
brushless DC motor was developed using an optical encoder to sense angular
position changes and a microprocessor to provide the desired position
control. A Pittman 5111 wdg #1 Brushless DC motor was used for this study.
The design of the digital tachometer and pulse width modulator for velocity
control and the design of the Z-80 based microprocessor controller and
software Jdesign are described in detail.

\

S L T4, GN AVAILABILTY OF ABSTRACT 21 ABSTRACT SECURITY_ CLASSIFICA TION
[ wcoasseeounemTen O same as apr Cornc Users UNCLASSIFIED

L3 NANE TF ARESPONSIBLE NDIVIDUAL 22b TELEPHONE (Include Area Code) | 22¢ OFF1(E SYMBCL

George .J, Thaler 108-646-2134 62Tr

DD FORM 1473, 3aMar 83 APR edition may be used unti) exhausted SECURITY CLASSIFICATION OF “mi§ 340E

All other editions are obsolete

1 UNCLASSIFIED

g

-
LA
a2y
272"

Ef:;l 5
's

4
[}

aa
L)
ottt

\‘l

L NS

AN LS
P A AN
’

‘l
‘v;v y

I g

.q
v

v .
5

[

v
L

A
[
‘S

3

e ,‘".l' ., ..",.‘_ R

.t ‘f’;!"',..‘l .ﬁ'.‘)‘,‘r‘. ’I" .
P

A e 20 e T ]




Approved for public release; distribution is unlimited.

Brushless DC Motors, Velocity and Position Control of the
Brushless DC Motor

by

Nezih Y. Durusu
Lieutenant Junior Grade, Turkish Navy
B.S., Turkish Naval Academy, 1978

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN ELECTRICAL ENGINEERING
from the

NAVAL POSTGRADUATE SCHOOL

June 1986 =
, f-‘

AR

Author:

Approved by:

George J. Thald@r, Thesis Aavi

(s Garka |y

A. Gerba, Second Re@der

Heo 1 A

Harriett B. Rigas, Chairwoman
Department of Electrical and Computer Engineering

4//1 ity
! John N. Dyer
Dean of Science and Engineering

2

4
é

e AT MY T 2 I T
. Y, of el
. "’ 'I'J Ll’{ l-..'.
. a’?, [ o

)
P
.

LG

|

'
'
»
.

.
"

1
R
LRV S

-
<

DA

DO S

AAAAN
I‘: g
27

RN

’
A
')

1 4
’..n‘

SN
LA

qu"
Sl SO

AT
B R Ay
‘e "o
«

v % A




AR

B o i

ABSTRACT

additvion, the position control of

was developed using

position control.

was used for tnis study.
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A velocity fgedback controller for tne brusniess DC
motor was désigned using the Hall effect sensors. In
the brusnless DC aovor
an optical encoder to sense anguLar
position changes and a microprocessor to provide tne desired
A Pittman 5111 wdg #1 brusnless DC motor
The design pf tne digital tachometer
and pulse widtn modulator for velocity control and ctne
design of the Z-80 based microprocessor controller and

software design are described in detail.
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In recent years, tne brusnless DC motor anas found more A
¢ RSO
4 applications because of its many advaniages. It offers long ﬁ;&i
¢ ST
s operational life, it eliminates brushwear particies and arcing, ;SE%
v and it is adaptaole to spacecraft requirements.

g As more specialized needs become obvious, tag versz~ 11y

iﬁ of the brushless DC motor in applications o control 3y3tams

- was discovered and developed.

gi Tne obrusnless DC motor 1is mainly an inside out version

3 of the conventional DC motor. Tne rotor consists of permanent

N magnets and the windings are in tne stator. Besides tals, e
:S the areas where the conventional DC motor and bprusnless DC j
Z motor differ are in the commutation processes and tutne ;ﬁuA
. amplifier design. The commutation of the conventionail -
? DC motor is done by a mecnanical commutator and orusnes. :i
- N
:i On tnhe other nand, the commutation of the obrusalisss DC i:
I motor is performed by semiconductor switching elemants, L
E usually transistors. The inductive switching enerzy i3 'E?
a dissipated tnrough a diode path whicn allows tne current o Eﬁ
‘ decline in a controlled fashion.

- The commutation sensor system for brusniess DC uzotors

E is required to control the loiic functions of tne controller

5 to maintain current to the proper c¢oils 1In tTtae stator,

; Hail effect sensors and optical incremental encoder sensors

&

E M

.\

N

2

:-' A e e e e e e T A, -



oo

o 7
P AT
WA A

s Nl

are the most commonly used methods for the angular position

el
et
/'«'. ;L.
. .

R

A

sensing system.

The Hall effect sensing system 1s dased on sensors

S,
whicn are usually placed in the stator structure to sense EE;
the polarity and magnitude of thne permanent magnet field in %S;.
the air gap. yxf,
The optical increment encoder provides a pulse for eacn §E$
increment of angular resolution. It is most commonly a Eﬁgl
. combination of light-emitting diode (LED), rotating disx, a
'é mask and phototransistor. ;f;;
: The Pittman 5111 Wdg #1 brushless DC motor and four-pnase iS%;
. drives were used for this study. One motor nad a Hall sensor iii
and another motor had a Hall sensor and an optical incrementa: §§E
AN
encoder as well. g&i‘
The velocity control of the system was designed by using ;i;
the fact that the Hall sensor gives two pulses per revolution - %&;
for a four pole motor. By counting the intervals bpetween ::,‘:\_

each revolution, the digital speed can be obtained. Jicth
this idea in mind, a digital tacnometer was designed. Thne
speed command was given by dip switches and converted to
tne analog signal. The digital speed which was obtained
from the digital tacnometer was converted to an analog
signal with a Digital to Analog Converter (DAC).

The Pittman four-phase drive accepts four inputs. Two

s
N4 ‘ . _
ot of them are the logic signals from tne Hall effect sensors. .
:"p tete
- One of the inputs is the direction command. Tne otaer e
\J : '-
e RN
-
AN
ROl
\AO{‘.\
W
STAT
-.‘,-::.:-'.:;:. :'.'-',;;‘.'\-'. .;:.j;'.:;; ;‘,,:-_ .'-',:-_' : '-_’,;-'_.:',:‘;,;:;_-;',--',_-;__.;,-.;_-.}u:.x:_x:_\' e N S T T T N N
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input is used for on-off control of tne motor wnica is a

convenient iogic  input to apply a pulse widtn wmodulacion

zalb

signal for speed and torque control. Keeping this feature {géa
O : .’:_

in mind, the pulse widtnh modulator was designed. iﬁi-
. . Y

In recent years microprocessor systems nave been useful y}g

tools with many applications. These involve the use of tne

. -'-x'l:t.
-'.‘
N A
‘ l, " I. .
il Be.

'y

brusnless DC motor, and the microprocessor contro:r of tiae

.
e
. l. l‘ & .
KaRahs
‘-“-‘LA

rre
2
W
—t

brushless DC motor. Of its many features one of the most
important is the ease with which a system can pe modified to

perform new functions. This can be easily done by writing

N

a new software program. Assembly language or nigh leve. {faq
languages such as Forth, Basiec, Fortran, C, Pascal and Ada -ﬂ
- -.J

0
LA

can be used for programming and can be downlocaded to tune

EPROM.

The microprocessor controllier was designed by using a ARy
. el
Z-80 control processor unit. Parallel interfacing was used - {Qf:

T
. '.n..‘l_‘
to communicate with the outside world (the CRT terminal and rk:q
. . . , 1
pulse widtn modulator). Position commands were given from Q3?q
e \:' ]

. e - [SASES
the CRT terminal and the updated position of the motor was AN
LR SN

. , . EYASAN
ooserved from the terminal also. SRS

In Chapter Two the brushless DC motor is compared wita:
conventional DC motors and drive circuits. The third cnapter's
emphasis is on the velocity control of the brusnless DC motor

and the ouilding of tne digital tacnometer and pulse widtn

modulator. In Chapter Four testing and data collection of
the velocity control s3ystem are studied. Tne position
13




er 1is

ne microprocessor controll

-
%

control of the system with

and data

)

In Chapter Six testin

discussed in Cnapter Five.

l-l.d-.llhll’ntilnnlnl a !4 2 n\- il'-*-’u ’-l-'(fuilli
RO ........\..\;\._ X : ; . o mvx ”.s ”u. U.\ S ) SO ; : ;
RN ¥ ! AEAC AL N XU AT Neh) r o

14

collection of the position control system are studied.
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II. CONSTRUCTION AND OPERATION OF BRUSHLESS DC (OTOZJ
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A. CONSTRUCTION OF BRUSHLESS DC MOTORS

IP.q
i

Brushless DC motors, unlike conventional DC motors nave

%

%

(S
X

a permanent-magnet rotor and a multi-coil stator. It can be

said that the basic brushless DC motor is essentially an

U\
5
5K

K,
o
.

"inside out" version of the conventional DC motor. A cut-away

&\.
vy
f Ay

*.
e,

x

b‘:

of a conventional DC motor is shown in Figure 2.1 and an

)
1-

|

.
’

equivalent version of a brushless DC motor is snown in Figure

h L]
r';f‘_ o

"y

Vepn

2.2. Here we can see the permanent magnet rotor and a

‘.' A
; A;"g"‘:,{. AL
a a "l ,l {.4

multi-coil stator.
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A significant difference can be seen in the winding ana
magnet locations. The conventional DC motor has the active
conductors in the slots of tne rotor, and in contrast, tné
brushless DC motor nas the active conductors in slots of tne
stafsr. Since the windings are closer to tiie environent tne
removal of the neat produced in the active windings is easier
in the brushless DC motor. The result is that the brushless
DC motor 1is a more stable mechanical device from a thermal
point of view,

Another basic difference from the conventional DC motor
is the commutation process. The commutation of the conven-
tional DC motor is done by a mechanical commutator and
brusnes. The brushless DC motor, on the otner hand, is

commutated electronically.
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B. ELZCTRONIC COMMUTATION AND DRIVE

In order to see tne similarities and diffehences petween
conventional and brushless DC motor systems, two sxetches are
shown in Figures 2.3 and 2.4. In Figure 2.3 we nave tne
elements of DC motor and control. Tnhe connections between
the rotor windings and the commutator are shown. In Figure
2.4 the commut. ion control stage is different from tae
conventional DC motor. Slots, windings, magnetic poles, and
the electronic commutator work 1n sucn a way tnat the
direction of the rotation is controlled oty the polarity of
tne DC power supply. By an electronic commutator, tne
current is switched from one coil zroup to the adjacent one
with a four section stator winding. Switching takes place
from one coil to the next four times per revolution for a
two pole motor. Since the switching transistors are already
in place in electronic commutation, pulse width modulation
can be applied to the logic circuit. Tne shaft position
sensor creates pulses to generate lozic signals wnicn
control the commutation of the windings.

One of the simple, three-phase brushless DC motor
circuits is shown in Figure 2.5, Tnis 1is a "half-wave"
control circuit witn a conduction angle of 120°, As is
snown, each winding 1is used one third of tne time and tne
logic control of the system is not complicated. The speed
and torque output of the motor can be controlled by varyinj

the power supply voltage Vs' In the lower part of tne
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diag-am tne same system can be seen 1in reversed torgque.
The torque reversal in a conventional DC motor is acaieved
by reversing tne power supply voltage. 1In the brusniess DC
motor the same tning can be done by shifting all tne logic
functions by 180°. This example illustrates one of tne
basic differences betweenconventional and brusnless DC motors.

In the illustration of Figure 2.5, the inductive tiransient
current in each winding is ignored. Due to tne voitage

produced by the stored
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Figure 2.3, Essential Parts of a Conventional DC :otor
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-
energy in each winding, the circuit creates a reverse dbreakdown
voltage on eacn transistor. Since stored energy is low in
the low-power systems, such break-down conditions can »>e
tolerated. However, if any significant amounts of current
and voltage are nandled in such a system, breakdown conditions
Wwould cause damagze Qo the semiconductor junctions. Therefore
other metnods are used to maintain proper commutation of
the inductive energy in eacn winding. Figure 2.0 snows a
two-pnase brushless DC motor using two power supplies +V5

and -V . Ve now nave four power transistors and four
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diodes. Eacn nalf of tne circuit controls it's own winding,
and the two operate independently of eacn other.

The diagram shows the current response wWwith respect to
rotor position and current versus time at a given shaft
velocity.

It can be seen that the current IQ1 nas an exponential
initial increase to a steady state value whicn is maintained
until tne 90° position has been reacned. Then Q1 is switchned
to the off condition. The stored energy is dispelled througzn
the power supply by using diode D3, and an exponential decline
is shown in ID3’ wnen the current rise is now progressing in
I2. Tnus there is a continuous torque production maintained
in the motor as one stage 1s turned off and the next is

turned on.

C. FOUR-PHASE DELTA BRUSHLESS DC MOTOR
A four-pnase Delta motor from the Pittman Corporation (see
Appendix A) is used for the following experiments. A four
pole structure 1is used for this motor.
There are several reasons to fabricate the rotor as a four
pole structure:
i) Mechanical arc lengths of 60° per magnet sezment yield
a nizher material utilization tnan 120° arc used for
a two pole structure and therefore lower cost.
ii) High performance magnetic materials do not accept radial
magnet paths and thus are not as efficient magnetically

if made in long arc lengths.

iii) The four-pole structure doubles the number of commutation
cycles per mecnanical revolution of the shaft.
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A four-phase commutation circuit is snown in Figure 2.7.

Tne logic outputs from the sensors are connected <o a
BCD to decimal decoder by using tnhe "A" and "B" inputs.
The "C" input is used to control tne rotation of the motor.
"D" input 1s used for on-off control of the decoder. Thne
"DM input of tne decoder in tne motor drive is a convenient
logic 1input to appiy a pulse wWwidth modulation signal for
speed and/or torque control. More details will be discussed
in tne later sections. Thne flux rotation 1is provided by
the "on", "off" position of the transistors. When a transistor
is on, 1t creates current on the related windings. Tne
current passing through the transistor will create f_ux on
the related windings. The driver controls tne scta:tor
excitation. For the clock-wise (CW) direction of tne fiux
rotatign, transistors Q1 and Q3' are on. Tnis means that 2
phase will nave positive voltage and 3 phase wWwill .aave
nezative voltage. In the next step, Jd2 and Q4' transistors
Wwill be on. Tnis will create positive voitaz2 at tne C
pnase and negative voltaze at tne A pnase. This will
continue in the order: transistors Q3 and Q1' on and tran-
s1stors QU4 and Q2' on. To reverse the fiux direction,
tne operating program will be transistors Q1 and J3' on,
transistors Q4 and Q2' on, transistors 23 and QQ1' 2n,
transistors Jd2 and Q4' on. Shaft angle position, gnase

voitage, and corresponding sensor s1iinals are 3shown in

Figure 2.3.
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D. ADVANTAGES AMD DISADVANTAGES OF THE BRUSHLESS DC MCTOR
1. Advantages

horsepower

Brushless DC motors are more expensive for tne same

rating tnan conventional DC motors, out taney nave

some advantages over DC commutator-brush motors:

a)

2)

The motor nas a lonz life because 1t Joes nct
nave brushes,

Due to the elimination of brush arcing, there 1is
3 reduction in electromagnetic interference.

There is a reduction in acoustic noise.

Lictle or no maintenance 1s required.

The motor permits a small signal controli of
speed and on-off operation since tne power
clrcuitry 13 1included as part of tne orusnless
2C motor.




f) When tney are properly sealed, tney are capacle
of operation in flulids or vapors.

2. QDisadvantages
The followidg are important disadvantages of tae
brushless DC motor:
a) The total size of the motor is bigger overall
because of the additional space required for tane

electronic devices.

b) Overall cost is higher compared to conventional
commutator types of the same norsepower.

¢) Choice is somewhat limited at present in "stock"
sizes and horsepower rating, necessitating
"special" orders for particular applicatioas.
Even though tne brushless DC motor nas some dis-
advantages, developingelectronic technologziesand applications

in space and the military make it preferable to conventional

DC motors.
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III. VE ' USHLE :

A. General

Before studying tne speed control of the brusnless OC
motor, it will be helpful to study the components of tns
syStem. Tne block diagram of tne velocity control circuit
is shown in Figure 3.1.

The Hall effect sensing system is based on sensors wnich
are located adjacent to the end of the stator windinglto
sense the polarity and magnitude of the permanent magnet
field in the gap. Tne position of the Hall sensors are
shown in Figure 3.2. The Hall effect device is made of two
sensors whicn are placed 90 electricél degrees apart to
sense the rotational position of the rotor relative-to the
stator coil groups. Tne flux in the gap between tne rotor
and-stator and the output of each sensor is shown in Fizure
3.3. As can be seen in Figure 3.3, the output of eacn Hall
sensor switches from logic nigh to logic low wnen tae
sensed rotor flux passes tnrough zero. The output is nigh
for a north magnetic pole and low for a south pole (or vice
versa if Hall sensors are reverse mounted). [Ref 4]

The two rotor position signals are decoded by digital logic
gates 1n tne motor drive to give a four phase output wnicn
controls 8 power transistors in such a way that sequential
switcning from one stator coil to the next occurs at intervals

of 90° mecnanical rotor rotation. 3otn the outputs of ¢ne
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Tne Hall sensor will produce square waves related to tae

speed. Following from tnis- concept a digital tacnometer
will be built and discussed in the next section.

The "D" input of the decoder in the motor drive 1s a
convenient logic input to apply a pulse width modulatlon
signal for speed and/or torque control. More details will

be discussed in later sections.

B. DESIGN OF THE DIGITAL TACHOMETER FOR SPEED CONTROL

The speed of the brushless DC motor can be observed from
the output of tne Hall sensors. Hall sensors produce 2
square waves for each rotation. If elapsed time for each
revolution can be measured, the speed of the motor can be
found. One channel of the Hall sensor output of the brushless
DC motor is shown in Figure 3.4. .

The arrows indicate the beginning and end of tne period
of ;evolution. The relation between the period of tne
revolution and the speed of the motor can be shown with the
following example:

Period = 1 Revolution = 50 10=3 sec
speed = 20 revolutions per second (RPS).
This is equal to 1200 revolutions per minute (RPY),

By starting from this approach, a digital tachometer was
designed by the author. The main idea was to measure tne
period of revolution by using counters and inverting to tne

voltage value by using a Digital to Analog converter (DAC).

30

%3
"')
s

X
N

.‘
-~

~

Kax
A

%

]
»

PLEE A A

.. ,,.
te Ty N
» -
D N
w5

.I
Y
I

s,
o
[N

»

‘"
LN N
RN |

N
5
R A

. '."- M T

Rkl
.-?'.-".-'f e

-
Tw -

e

VL
‘. "‘i .l
‘ f,'.'

. AL O

..t_&‘g'l.l'l_ .
AR ANEXAL)
_j‘ \(‘-5 R P

PR
) \.n.:'
AR

RPN
Jatle) -": ‘ \"_‘I:Q' -

# /I



NI Sl 4 T ¢ - LA AT oMK oR A SO ARE Bt s B Fl el Sab el Bt S Sa* Ad G b Al A A W W An ‘A Sl ¢l p

.
o
A
\"
oy
oy
R
. o
N o
. -'.:_'.:,
- PR
A et
- DD
) J.:.Afl
PN -, '_“1
‘s B
-
-~
o~
7=
.
N
I.J- -
N4 e
g ‘I--;I-i
M LSRN
e e
‘ R,
VR, I e
o -
f Figure 3.4. One Cnannel Output of Hall Sensor. L
- * N

A circuit diagram of the digital tachometer is snown in e

Fig, 3.5.

A% 8

o A 7474 Dual-D-Type positive-edge-trizgered flip flop was

ff used to obtain 1 pulse per revolution by dividing tne Hall

EZ sensor signal by two. The output of tne flip-flop is snown

E; in Figure 3.6.

b~ T4LS161 synchronous 4-bit counters were used ta count for

s

;3 2acn period., Clock pulses were used for tne counters. Fror

ﬁ tnis design the 16 bit procedure was found to dDe tne most ;Zj
) appropriate from a nardware point of view. When the motor ;<"
~ _ . _ R
:T Wwas running at a slow RPM, tne period of the revolution was ;;&

iﬁ nizh and the counter registered nigh. From an overflow :;és
F' point of view, tne maximum count on tne counter should nut %ﬁ?
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! nave exceeded 65536. Keeping in mind tnat wnen tae motor
;7 runs under 600 RPM the counter overflows, tnis criteria

4

oecame the minimum speed restric-ion for .the motor. A

F R B .,
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T
%
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TH121 monostable multivibrator was used Lo get snort, clear

SN

- ‘.\:_\:.\
pulses for the counters. The output of tne multivibrator Z}iii
| \'_\:.‘.

. N . '\‘_\ <

(one shot) is shown in Figure 3.7. TN
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The 74374 Register stored tne counts for eacn period until
the new count came.

Two 8-bit DAC Digital to Analog converters were used to
convert tne counts to the voltage as 1t related to the
speed. The logzic of the Digital to Analoz conversion is
shown in Figure 3.3.

Tne voltage related witn speed 1is between 0 and 10
volts. When the speed is.40 rpm the output of the DAC will
be 0 volts; when the speed is 24,000 rpm the output of tne
DAC will be 10 volts. The lowest speed is equal to 0, tne

nizhest speed is equal to 10 volts.

V— (0 TO 296 vaLTS )

%
[ O/A  ZONVERTER /A CONVERTER
MOST SIGMFICANT 3(TS LEAST SIGMFICANT B8ITS
306 aTs Q707 ars

-

Figure 3.8. Digital to Analog Conversion.

C. PULSE WIDTH MODULATOR
The "D" input to the decoder 1s a convenient 10zic¢c input

to wWwnicnh the pulse-widtn modulated logic signal can pe
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applied. It snould be racoznized tnat tane low mecnanlcal
time constant of tnese motors could cause instantaneous
speed variation at slow speeds wnen a low duty cycle 1is
used in tae pulse width rmodulation, The pulse-width moduiator
is shown in Figure 3.9. A pulse width modulated siznal was
obtained by mixing a low frequency input error signal witn
a nigh frequency triangular "dither"™ signal. Twenty «<ilonercz
was the frequency chosen for the dither signal. Tane sum of

the error and triangular signal e(t) is shown in Figure 3.104

/
E(T

Figure 3.9, Pulse Widtn Moduiator.
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Figure 3.10. Error and Ditner Siznal.

An e(t) signal was fed to tne "zero crossing circuit." Tne
Zero crossing circult converts the resﬁlting sum into a two
level signal e'(t) as snown in Figure 3.103. The signal
shifts between tne two digital levels 0 volts and 5 volts.
Input, €5y 1ls assumed to be a DC level or slowly cnanging
signal. Added to the triangular signal d(t), wnicn oscillates
between =10 volts and 0 volts, and has a period, T. Tnis
signal was added to e, to produce e(t). Tnis result was
taen fed to a zero crossing detector, which in this case :s
shown to switen from plus 5 volts (logic 1) to J vo:ts
{(lozic Q).

A circuit diagram of the pulse width modulator is sa0wn

in Figure 3.11. A circuit diagram of the digital tacnome:ter
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and pulse widtn modulator 1s snown 1in figure 3.12. Tne

artwork of the «circuit 1is snown in Appendix C.

20K

20K 7410 D ___f

SCAMIT-TRIGGER

+5 -{5 -i5

e ™ e e e
ZERO CROSSING DETECTCR

Figure 3.11, Circuit Diagram of the Pulse Width Hodulator.
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o A. GENERAL
P After building the velocity control system for =tne
‘1 brushless DC motor some experiments were done to get data
- on now tne system works. Tne instruments used for tnese
ff experiments are snown below:
- 1. Power supply unit PS 150E
2. Hewlett-Packard 6216A power supply
o 3. HWavetek model 145 pulse/function generator
o 4, Textronix 2213 oscilloscope
o 5. Textronix 464 storage oscilloscope
- 6. Hewlett-Packard 3582A spectrum analyzer
N7 7. Hewlett-Packard 85 plotter
8. Hewlett-Packard 124A camera.
i- Tne power requirements for the system were +15V, -15Y7, +3V,
= -10V, -15V.
<.
r‘
L.
‘.“-
- -
_-:: DipP ‘ [:':
" SWITCH
N

- ( D/A CONVERTER H D/A CONVERTER @)

.,-‘ Y
: :i::::I: |
- :j i: !

b
P DIGITAL TACHOMETER
3 A

-

cigure 4.1, 3lock Diagram of tne Velocity Contrzo. Cys-2m.
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‘Y For simplicity, test points were defined by letters. A
.
j block diagram (and test points) of the system is snown in

Figure 4.1,
? These test points are the same on the circuit board. For
A .
j velocity command, a four positiondip switch was used. Fifteen .

different speeds are produced depending on the relevant motor .
’j power supply.
< The calibration of tne system is important to zetting
) accurate data. For calibration purposes, -many adjustable
,; resistors were used in tne system. The calibration of tne
n system is explained in Appendix B.
o B. OPEN LOOP VELOCITY CONTROL
iﬁ For open loop studies, tne feedback switch is turned to
* the open loop (OL) position. Tne power supply was set to
A 15V, Tne Speed command was given by a dip switch. The
r, .
N positicon of the dip switch and the equivalent RPM values
LY,
o are as shown below:
A D . . . . S ; E El :
2 0001 : 3000
> 0010 3260
. 0011 3410
X 0100 3570
. 0101 3660
- 0110 3750
N 0111 3300

1000 3345
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:' The 3750 RPM speed (Dip switcn = 0110) was cnosen for tae
bes.
b '
first experiment., Tne two channel Hall sensor output of tne
o motor is shown in Figure 4.2. From the Hall sensor output ';::,
N e
N eV
:'_.; the speed of the motor can be calculated. :-ﬁ:
"'_: :.".t'i
. N
i 3
".-- ..“..‘_1
. ‘.'.-."
e » ; oS
v I : ROy
2 r ":_':’ *
~. L
S r
= 1
-._ - ::',"
’ . - a4
“r 2% g N % SN
> 5 N
b T NS
it Ik SN g
- ok N
o NI,
y - ; B |
IS Ly TN/UIV e
- ) NN
N Figure 4.2. Hall Sensor Qutput of the HMotor for 3750 RPM. Tl
by UL
<+, . ‘e
I Since tne Hall sensor sends 2 pulses per revolution, Figure o
™ 4.2 shows that
- -3 )
~ 1 rev = 8 x 210 = 16 msec. .
.. o
5 = 1/16 msec x 60 = 3750 RPM. N,
~ The pulse width modulated signal (test point P) is shown in .’_--'\:-'
- ety
o
. Figure 4.3. N
w": . '\:~::
,, dnen the shaft of the motor is held, the motor slows down RN
-2 and no cnange of tne pulse width modulated signal can be :
o e
_T-: seen, Anotner experiment was done by ¢hanging tne power '::\::'
':\ .__:.'_'
- supply of the motor. The speed of tne wotor was changed. j_
”> L"-
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Figure 4.5, Pulse Width Modulated Signal for 3260 RPil.
C. CLOSED LOOP VELOCITY CONTROL
For the closed loop system, the feedback switcn was turned
on to the closed loop position (CL). The power supply was
set“to 30 V. The position of the dip switecn and equivSlent

RPM values are as snown below.

D . . 3 (RPM)
3100 1275
0101 1500
0110 1580
0111 1875

Due to hardware restrictions, a 16 bit system was used.
That brought some unwanted results in low speed experiments.
For that reason -2 V steady state error was added to ctne

Dither signal. The Ditner signal is shown in Figure 4.6,
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For the first experiment on closed loop velocity contrecl
the speed of 1275 RPM was chosen. The dip switch was set to
0100. The Hall sensor output of the motor is shown in Figure
4,7, From this picture the speed of tne motor can be
calculated in the same fashion as tne previous section.
Its speed is 1275 RPM. The PWM signal 1is shown in Figure
4.3, When the shaft of the motor was held slightly the PWH
signal was changed to keep up witn the given speed command
(see Figure 4.9), This is one of the expected resuits of a
closed lcop system, Anotner experiment was done by cnanging
the power supply of the motor. UNo change in the speed was
ooserved. This 1is another expected result of.a closed loop

system.
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D. TRANSFER FUNCTION MEASUREMENT AND SIMULATION STUDIES
:The transfer function of the motor can be found by using
a spectrumanalyzer. A Hewlett-Packard 3582A spectrumanalyzer
was used for this experiment.
A block diagram of the closed loop velocity system and
its connections to the HP spectrum analyzer are shown in Figure

4.10.

Random noise was used in the system and was fed %to %tne

summing Jjunction (test point N). When the forward gain of ch

the noise was 1.0, the speed of the system was changed due ;qq!
"< PR
g to tne noise. This unwanted result was eliminated by cnoosing oA
kN P

Y

)
g

the noise gain equal to 0.2. The frequency response of

¢

Y
Yaas

46

P, N PUP UG U Y P P, TP PR, WP AT T I DI DA G, W U, U S S S P PN ST Yy U TR W, Dy W R DI DRI U Ty T T, DY Ui D PaD|




)
ol

the system found by the HP spectrum analyzer as snown

Figure 4.1%1a and Figure 4.11b.

PWM }_DRWE s MOTOR 1

low

N! NOISE
Q

Figure 4.10. Closed Loop System with Spectrum Analyzer.
- YER OFCTH + 2948 F3 1242 -01w
MER: - 273 B

]
o O
/

i
N
(@]

|

U
o
21

b .
Jv! ! 'nxh i
M1id "1

¥

T<
=
==

MAGNITUDE(DB)

™ ta oz H:I Bl . -
0 2.5 2
FREQUENCY(HZ)

4.11a. Open Loop Frequency response of the system
witn magnitude curve.
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Figure #4.11b. Open Loop Frequency Response of tne System
with Phase Curve.

>

In the velocity control system there are a number of
various digital components, such as flip-flops, counters
and D/A converters. The counters which were used in tne
system are syncnronous devices, this means they use c¢loc«
pulses,

The following events take place in the system.

1. Wait for a clock pulse.
2. Determine the speed for one revo.ation of the motor.
3. Perform digital to analog coaversion.

4. Send thne updated control variable to thne notor.

5. Go to step 1.
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Because tne computation of tne speed and sending the

5!_‘1',; oy ...
L e .
Y '\; )’! PR A

control variable taxes some time, tnere is a time delay

Detween steps two and four. The D/A converter holds tae

l"
'y ox .
ot
X

i 2 e Bl
- :

signal over one revolution of the motor. Tnis implies thnat
tne sampling interval 1s equal to one revolution of tne
motor. During the transfer function measurements, tne
speed chosen was 1360 RPM, With simple calculation, one
revoirution of the motor can be found to be 44 milliseconds.
The ilyquist freguency is thus /0.044 = T71.2 rad/sec or

11.3 nz.

At frequenciles wnich are greater than the Nyguist

frequency, the ambiguities of the transfer function for

'
.

both the zain and pnhase curves can be seen in Figure 4.11a ;:;Q
el
AR
and 4.11b. For that reason, this part of tne experimental o

data was not included in the calculations.

"The frequency, magnitude and pnase ¢’ the transfer
function which was found from Figure 4.11a and o are snown
in Table 1. The Bode plot wnhichn was drawn by using the
data in Table 1 is shown in Figure 4.12.

The transient response of the closed loop and open lcop

system were found from a strip chart recorder znd are snown DSC
in Figure 4.15 and Figure 4.16. On tne otaer nand, ctne

transient response of the system can also be observed frcnm

the storaze oscilloscope. ]
.': ~
A Textronix U464 storage oscilioscope was used to et Yy
S
the transient response of the system. The step input (from ‘-\Q
° W
LSN
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1035 rpm to 1305 rpm) was appiled to the system as a step

input. The closed loop transient response of the system i3

shown in Figure 4.17. This transient response correlates

:" ".»1
with the transient response which was found from tne strip )
AR
chart (see Figure 4.16). IS

As can be seen, the system is type O [Ref. 1] and nas one
pole at w = 7.0 rad/sec and one pole at w = 27 rad/sec.

The open loop transfer function of the system is shown pe.ow.

G(s) = 122
(s/7.0+13(s/27.0+1)
TABLE 4.1
FREQUENCY RESPONSE WITH MAGNITUDE AND PHASE
) w(rad/seg) Magnitude(db) - Bnase(degraes)
i y 2.5 -91
) 5 2.6 -9
’ 6.2 2.5 -94
8.7 0.7 -107
; 10 -0.9 -111
‘ 15 -3.3 -123
| 20 -6.8 -138
. 25 -9.2 -153
j 30 -11.7 -164
: 35 -13.5 -176
. 490 -14.3 -195
: 45 -17.1 -207
g 50 -18.3 -212 <
55 -19.6 -230 N
60 -22.2 241 o
65 -24.9 =240 R
70 -28.9 -250 Y
y q.:\-\‘ * N
b . . . F i
: This transfer function was used for computer 31muiation A
. RN
: of the system. The open loop frequency response of tne :fﬁ:’
t 0
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system is shown in Figure 4.13 and tae transient response
of tne system is shown in Figure 4.14,

The time constant of the system was found from the open
lo0p transient response (see Figure 4.,15)., Tne time it
takes to zet 63% of velocity zgives the time constant of tre
of the system. From Figzure 4.15 the time constant was
found to be 140 milliseconds. On the other hand, tne
time constant of the system can be found from the :.ransfer
function which was determined using the data from the HP
spectrum analyzer. The low frequency pole of the system as
determined from Figure 4.12 was 7.0 rad/sec, then tne time

constanc

T = ‘ = 142 milliseconds
7.0

This time constant correlates witn the time constant wiica
was found from tae strip chart recorder. Tais indicates tna:t
the frequency response of tne system ~nicn was found from tase
4P spectrum analyzer was accurate.

The time constant of the c¢losed loop system can ce
calculated from tne closed loop <transient response of tne
system wnlch wWas saown 1in Flzure 4.15,
the settling time of tne system was found to ose 320 milli-~
seconds. Thnus tne time cons.ant of tne cliosed LocD 3ysten

Wwas 320 milliiseconds/d = 32 milliseconds. Z% can oe seen

Yy v o3

-

s
v e )

[N



. -l." LA .:' - .' "- .

APAFS ) SRR

I

Lo v

,l

Py L4

St "

I R d

LGP PLPLIA Y]  JONON VRS N

that the time constant of the closed loop system was faster
than the open loop system. This was the expected result.
Anotner 1importanft sudbject arises from tne usage of a
D/A converter 1in the system. Since tne D/A converter
creates a delay related to the sampling rate, this will
cause pnase lag in the system. This pnase difference c¢an
be seen by colmparing the measured open lcop frequency response
with that calculated from the transfer function. The
calculated phase does not include time deiay, Wwhich tne
measured phase does. It is seen tnat tne measured phase

la

(]

exceeds the calculated lag by 15° at the corner freqguency

W 7.0 rad/sec. Thus the time delay is approximately

Tp = ® = 37.4 milliseconds

W

“The time constant of the motor which was Ziven by tne
factory specifications was 14.4 milliseconds. It is odbvious
tnat the time constant of tne motor 1is faster than tne
system time constant. This difference is caused by tne

time delay of the pulse width modulator and the D/A converter.
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A. GENERAL

Microprocessor control of brushless DC motors has many
advantages over an analog control. One of the advantages is
that since it can be built with a couple of integrated
circuits, it is smaller and lighﬁer tnan an analog cont}oller.
It is also easy to debug the system.

There are some advantages and disadvantages to consider
in software design and its implementation as well. Some of

tne advantages are:

1) By changing the software program, the function of the
system can be changed.

2) By modifying the input/ocutput devices, this system can
be used for other control systems.

3) By standardizing the hardware, system design emphasis
can be increased on software programs and subroutines.

4) Since the system is constructed of standardized units,
it is easy to debug the system.
B. MICROPROCESSOR CONTROL OF DC MOTORS
There are two approaches to microprocessor control. One
approach is the "direct" approach, another is the "indirect"”
approach. In the direct approach the data obtained from tne
system are fed into a microprocessor to compute tne new value

of control. In the "indirect" method of microprocessor concrol,

the motor has an analog servo controller and microprocessor
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) is used to turn the servo on and off. {Ref. 2] In cthis
) .

% thesis the "direct" approacn 1s used.

~ The blockdiagramof tnemicroprocessor-controlled position
N

N control system is shown in Figure 5.1 [Ref 3]. Tne position
s

oy

1)

N PWM

- MICRCPRQCESSCOR MOTOR

CONTROLLER DIRECTION DRIVE

~ i

:: T { 1 ; T

N I R |
RN ] ‘
| NI L

-, A B |

- 1A OPT]CAL: <AL l" ,

TAR- L MOTeR T
> ) ENCODERFENSGRl i

o2 J ]

:; - Figure 5.1. Position Control System.

K and direction commands are given from the cathode ray tube
3' (CRT) terminal. Another input to the microprocessor
X

. controller is the actual direction of the motor which is
- determined by using two channels of tne optical encocder,
- The direction sensing system is snown in Figure 5.2.

C. INCREMENTAL OPTICAL ENCODER

3 The incremental optical encoders are used for position
¢

'j confirmation and for feedback signal generation. Incremental
’ optical encoders provide a pulse for each 1increment
- 59
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of resolution. An incremental encoder has four main parts:
a ligzht source, a rotation disk,_ a stationary mask, and a
sensor as shown in Figure 5.3. [Ref. 2] A Hewlett-Packard
Heds=-6000 series incremental optical encoder was used for

the system.

D o | DIRECTION

FLIP-FLOP
C

SENSORS

Figure 5.2. Direction Sensor.

n

LIGHT SENSOR
SOURCE ( PHOTOVOLTAIC CELL,
( LAMP,LED) PHOTOTRANSISTOR,

PHOTODIODE )

ROTATING STATIONARY
DISK MASK

Fizure 5.3. Incremental Optical Encoder.
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The Heds-86000 series is a nigh resclution incremental

optical encoder. It consists of three parts: the encoder

'S

body, a metal code wheel, and emitter and plate.

. .
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The incremental snaft encoder operates by translating tne
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rotation of a shaft into interruptions of a light beam which

provides output as elactrical pulses.

Thne standard code wheel is a metal disc wnicn has N=1000

equally spaced slits around its circumference. An aperture

with a matching pattern is positioned on the stationary pnase

plate. The light beam is transmitted only when the slits in

the code wheel and the aperture line up. Therefore, during

a complete shaft revolution, there will be N=1000 alternating

light and dark periods. A molded lens beneath tne phase

plate aperture collects the modulated light into a silicon

detector.

“The encoder body contains the phnase plate and the detection

elements for three channels. The first channel gives N=1000

pulses for each revolution. The second channel nas a similar

configuration but the location of its aperture pair provides

an output which is in quadrature to the first channel. The

phase difference is 90° electrical. The direction of

rotation 1is determined by observing the leading form of tae

cnannel B. Tne outputs are TTL logiz level signals.

The index channel is similar in optical and electrical

P
a4

configuration to the A,B channel described above. An index ;-
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pulse of typically one cycle widtn is generated for each
rotation of the code wheel.

ror counter clockwise and clockwise rotation of the code
wheel, channel A, channel B, and index channel outputs are
shown in Figure 5.4a and Figure 5.4b respectively. Encoding
characteristics, recommended operating conditions and

definitions are shown in Appendix E.

D. MICROCOMPUTER SYSTEM

The general block diagram of the mi;rocomputer system is
shown in Figure 5.5. The microprocessor unit (#4PU), Z-80,
implements the function of the central-processing unit (CPU)
within one c¢hip. It includes an arithmetic-logical unit
(ALU), plus internal registers, and a control unit (CU), in
charge of sequencing the system. The 2-80 creates- tnree
buss;s: an 8-bit bidirectional data bus, a 16 bit unidirec-
tioﬁal address bus and a control bus.

The data bus carries the data being exchanged by tne
different elements of the system. Mainly, it will carry data
from the memory to the 2-30 or from the Z-80 to an input/output
chip. The input/output chip is the component in charge of
communication with an external device.

The address bus carries an address generated by the Z-80
Wwhich will select one o. fbe chips attached to tne systen.
For this system a 7415138 decoder was used.

This address specifies tne source or tne destination of
the data wnicn will transit along the data bus.
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Figure 5.5. Microcomputer System.
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The control bus carries the various synchronizationsignals

required oy the system.

}he 2-30 requires a precise timing reference whicn is
supplied by a 4.915 MHz crystal.

Tne RAM (random-access memory) is the read/write memory

for the system. MOSTEK MK 4118 (P/N) series, 1KX8 static

RAM was used for the microcomputer.
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Thne system contained two interface cnips so tnat it could

‘. communicate with the external world. The MC 686618, Znhanced

; Programmable Communications Interface (EPCI) was used to

N communicate wWwith the CRT terminal. The details on the EPCI

nY

by programming are explained in Appendix F. An Intel M32554A
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Programmaple Peripheral Interface (PPIl) was used to interface
with the motor. The MB8255A PPl has three ports whicn can pe
used for input or output purposes. The operating modes of
the cnip are explained in Appendix G.

The 2716 16K(2Kx3) UV Erasable Prom (EPROM) was used to
load the program for the system. The funection of tne
system can be changed entirely by writing the new program
and loading the EPROM. The circuit diagram of tne microcom-

puter is shown in Figure 5.6.

E. SOFTWARE DESIGN
1. General

The software was designed in such a fashion tnat a
position command to tne motor is given from the CRT termina..
The direction of the motor is calculated by the program whicn
cnooses the CW or CCW direction for the snortest patn to
its destination.

The system software was written in Assembly language
(Appendix H) at a Zenitn Z-100 microcomputer, using a Z-20
instruction sets [Ref 3]. The program was assembled and the
nex files downloaded to tne EPROM by using a SYS139 routine.

The main program consists of:

1) an initialization routine for the ports and a CRT
interfacing,

2) calioration routine for a D/A converter, and

3) position control routine and subroutines.
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e The initialization routine sends a control word o PN
Dl tne parallel ports of tne computer, setting them £o the output O
> Rt
LY . . . . . . A

&g mode. Tnere are two options given to tne user. First is ufi?
v SV
e N '- -
N$ the calibration of tne D/A converter (Appendix D) and second Dy
!! 1s the position control of the system., After the calibration el
\.: AT
:{ of the system, the position command to the motor can be given AR

k‘l DR
f3 from the CRT terminal. For simplicity, tne position of tne R

motor should be given as a count of pulses. Since the incre-

e

~
'ﬁ mental optical encoder gives 1000 pulses per revolution, 1

3 pulse represents 0.36°., If the command is 100 counts, it

- will represent 36°,

:ﬂ The direction of tne motor is determined in tae

o following fashion. If the position command is greater tnan

e 1809 (500 counts) the direction of the motor will be counter- MADARK
Lo clockwise (CCW). AN
- DRSO
.: The program takes 300 states to calculate the position AR,
5 of the motor and determine the new control command. The .

Q- actual time the program takes to execute can pe found by E -
. _ multiplying the number of states by the clock period. & St
\3 4.915 MHz clock was used for this microcomputer, so tne
[ period of the pulse is:

: 1/4.915 105 = 0.2035 microsecond. :

T Each state would correspond to 0.2035 microseconds of real

Uad

" time. By adding up the total number of states that the

L sl

ﬂ program requires to execute and multiplying this oy tne clock

e
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period, it can be determined now long thls program will ta<e
tc execute.
300 states x 0.2035 microseconds = 60.6 microseconc.

On tne otnher nand, the period of tne pulses tnat are
sent from the incremental optical encoder should be longer
than 60.6 microseconds. Otnerwise, the microcomputer will
miss the pulses and zo to the wWwrong position.

At maximum, 310 rpm was found to pe a sufficient speed
for the brushless DC motor. Thne motor will make one rotation
in 74 milliseconds and each encoder pulse period wiil be 7Y
microseconds long. This corresponds to 4 volt power supply
for tne motor. Wnen tne position error is maximum, the motor
speed will be 310 rpm and it will decrease with a decreasing
error signal. Jhen the error signal is between 0°9-5°: the
speed of the motor will wve 600 rpm. The torque at this
speéd was found sufficient to overcome friction in tne motor.

The flow c¢nart of the system is shown in Figure 5.7.

To make tne program useful and understandabdble some
subroutines were written.

Tne Getfgpar subroutine gets the cnaracter from CRT
termlnal and stores 1t in register.

The &ghQ subroutine sends message string to the CRAT
cerminal.

Tne Recal., subroutine sends cnaracters to tne CRT

terminal.,
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A. GENERAL

A microprocessor controller using the Z-80 was built
for the position control system. During the testing the
following equipment was used:

1. Power supply unit PS 150E

2. Hewlett-Packard 1216A power supply.

3. Wavetek model 145 pulse/function generator.
4, Power supply model 3650.5.

5. Hewlett-Packard 124A camera.

The power requirements for the microprocessor were
+15V, =15V, -10V, +15V and 3-30V. The power requirement for
motor drive as well as the incremental optical encoder was
+5V.‘ A four volt power supply was used for the motor.

%he sequence for turning on the power supplies for the
system is important. First, the poﬁer supply of the micro-
processor and motor drive should be turned on. The power
supply of the motor should be turned on at the very last.
The microprocessor system draws a total of 450 milliampers.
The maximum current limit of 500 milliampers should oe set
oéfore adjusting the five volt power supply.

To start the microprocessor the reset button should be
set. The dial which was mounted on the shaft to observe
tne angular .position of the motor can be adjusted to 0° as
an initial position.
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B. SYSTEM CALIBRATION J}I-
The calibration of the system should be done before ggﬁ
ot

using the system. For this purpose a calibration program }Qi
- '_. .l

SN

was wWritten. After resetting the system, two options Y,
e

SN

appear on the CRT terminal. (See Figure 6.1) )ﬁ{

After entering "1" for system calibration, a set of

instructions appear on the CRT Terminal. (See Figure 6.2)

The voltage on test point "C" should be adjusted to

|
—

-4,96 volts. T
C. CLOSED LOOP POSITION CONTROL ;:2;
rod

After cnoosing the position control option from the ":

menu, a set of instructions appear on tne CRT terminal. N
(See Figure 6.3) ;ig
° BACYRS

Since the optical incremental encoder has a resolution R fj%

of }OOO, each pulse of the encoder represents 0.36°. The igﬁ
e (S

position command should be ziven as counts. Thne relatiorn ﬁéﬁ
between counts and angular positions is given in Table 2. ?:?
A dial was used to easily observe the angular position of Ef;
NN

the motor. ."\-.,..:-._:
-\‘..“A

The block diagram of tne positicen control system is éﬁﬁ
shown in Figure 6.4, The blow up picture of tne curve :ﬁ;
following block is shown in Figure 6.5. When the position ;;ﬁ}
error is maximum tne velocity will be 810 rpm. Wnen tne :;;
position error is between minus 5° and plus 5° tne velocity ;&i
will be 600 rpm. When tne position error is minus, tne §£§
direction of the motor is cnanged from the CW direction to ;i:

)

P
PR R}
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the CCYW direction or from CCW direction to the CiW direction,

St w e

depending on the initial direction of the motor.

The software program was written in sucn a way that

Y

when tne position error is zero the motor will not snop.

A A B

When the position error is 0.36° tne direction of the motor

is changed to the other direction and position error 1is

M

-0.36%9 the motor is reversed again. This algorithm wilil

.

create a dither signal between ¥0.36° at the position.

This dither benavior will hold the motor shaft at tne

.
A -ll !

ziven position within %0.36°.
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Figure 6.1, CRT Terminal Menu for Program Options.
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— IF Y3 T MOT AUJUST RITH 54 K POT
~ IF 170 AFE OONE HIT THE RETURN

Figure 6.2. CRT Terminal Menu for Calibration of System.

~ WXTIDY 999 COUNTS: € TS5 ¢ [EGREES)
- ENTER IN THREE DIGITS CA12)
_ = HIT THE RETURH

Ty
.y

Figure 6.3. CRT Terminal Menu for Position Control.
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TABLE 6.1 S
COUNTS AND ANGULAR POSITIONS :ﬁx
Counts Angular Position (degrees) RS
':w.":-:
000 0 :":_,‘:
142 15 ;{f
083 30 -
125 45 A a0
167 60 PO
208 75 '.-j:t-v'_:
250 90 MRS
375 135
500 180 s
625 225 -
750 270 e
875 315 R
997 359 o
S
The software program was written in such a fashion that '}f
wnen the position command was bigger than 1809, the program zi
would chose the shortest path for its destination. w;;
ES R ::‘-l::'r
Fifty runs for the position commands which were smaller .
. g
than 130° and fifty runs for the positions whica were %E
[ 8
greater than 180° were done. e
For all the runs, the motor went to the given position S&;
and dither signal was found to be +0.48°, This was close ZEE‘
enougn to ¥0.36° to be satisfactory. !\3
The transient response and frequency response of the SR:
N
system can be found by using the additional system inverfacing R

chips and by writing a new software progzram. This 1is

recommended for further studies in Chapter Seven. {ftf
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Figure 6.5.

Curve Following Block.
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VII. SUMMARY AND CONCLUSION

A. REMARKS AND CONCLUSIONS

The brushless DC motor has been shown tc have some
advantages compare to the conventional DC motor. Brushless
DC motors with their disadvantages still are more favorable
for use in incremental motion applications. Since commutation
is done by switching transistors, pulse widtn modulation is
a desirable option in system design.

The low-cost position sensors sucn as Hall effect circuits
and optical sensing integrated circuits have Dbeen found to
be highly practical for servo designs. A velccity control
system designed by using tne Hall effect sensors.

From the analyses, the time constant of the motor® as
given in tne factory specifications was considerab;y faster
thad the measured time constant. This was the result of
tne time delay of the pulse width modulator and tne D/A
converter.

The transfer function of the 3ystem was developed by
using an HP spectrum analyzer. The time constant of tne
system was found by using tne transient response data waicn
was measured using a s3trip chart and storage oscilloscope.
The measure of the time constant was found tc be identical
with tne computer simulations of the system transfer function.

The positiqn control of the brushless DC motor was studied

by using a Z-30 microprocessor controller. Position feedback
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was obtained from an incremental optical encoder. The encoder
had 1000 resolution per revolution which provided nign accuracy
for position control. Assembly language was used to write
a program for position controi. For tne Z-80 CPU a 4.915 MHz
¢clock was used. This brought the limitation for maximum
speed of the motor to 810 rpm.

The sysﬂem testing for the position control systew was
done and was found to be accurate. Since the 1incremental
encoder gives one pulse for 0.36° angular position, tae
steady state error was programmed to be *0.36° to hoid tne
torque on the shart. The steady state errcr wnica was

found from the position control system was %0.43°,

B. RECOMMENDATIONS FOR FURTHER STUDIES

For tae digital tachometer a 16 bit (4 x 4 bit ) counter
system was used. By using tne 24 pit counter sysﬁem, tne
performance of the system can be improved.

Eight bit D/A converters were used for both tne velocity
and position control systems. By using 12 bit D/A converters,
the resolution of the system can be increased from J.2
volts to 0.01 volts.

Instead of the Hall effect sensor, an incremental
opﬁical encoder can be-used with the velocity estimator to
measure tne motor speed. The sampling rate will taen »e

faster than tne sampliing rate using fdall effect sensors.
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A 2N 2222 transistor in the motor drive to wnich the
PWM signal is applied will burn out if the transistor
transistor logic (TTL) signal is used for thne PWM signal.
To avoid this, the open collector 1logic signal with an
820 ohms pull-up resistor should be used for the PWM signal.

Assembly language was used to program tne position
conﬁrol system. There are many high level languages that
may be used such as Forth, Basic, Fortran, C, Pascal and
Ada. Tnere are many advantages in using a high-level
language rather than assembly language because it takes
much less time to develop a system. The code is also mucn
more readable and therefore, easier to modify the progran
with a high-level language.

The transfer function of the system can be found by
using a couple more parallel interfacing devices (Intel
8255A) and by modifying the program wnich was already
written.

Since the incremental encoder has two outputs witan §0°
electrical phase difference, using botn outputs instead of
one output as a position sensor tne steady state error can
be programmed to be %0.18°, This will require anotner CPU
with a faster clock.

It is recommended that after the circuits are ouilt and
it is certain tnat 1t is working properly, it would oe better

to build the circuit using wire-wrap technique to 1imgrove
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> APPENDIX A

‘-J

= RATING AND SPECIFICATIONS FOR PITTMAN 511 WDG #1

:j BRUSHLESS DC MOTOR

o

.: MOTOR PARAMETER UNITS SYMBOL VALUE

DAMPING CONSTANT (KK /R) N.m/ (rad/s) X, 1.42x10"°

MOTOR CONSTANT  (K./ Rp) N.m/ W Ky 37.7;;10'3

MECHANICAL TIME CONST. (J/Kp) ns Ty 14.4

*;-_. ELECTRICAL TIME CONST. (L/Ry) ms e 0.1585

MOMENT OF INTERIA kg.m> J 20.5x10™°
VISCOUS DAMPING N.m/(rad/s) D, l3x10-2
E's FRICTION TORQUE N.m o 3.0x10°

MOTOR MASS kg M 0.60

3-: THERMAL TIME CONSTANT tgin - 15
= THERMAL IMPEDENCE (WDG-AMBIENT) cv R 3.2
N MAXIMUM WINDING TEMP. Oc Crux 155

& WINDING PARAMETER UNTTS SYMBOL ___ VALUE )

‘:; TORQUE CONSTANT N.m/A K, 29.9x10°

. BECX EMF CONSTANT v/ (rad/s) K 29.9x10"°

STATOR RESISTANCE ohms Ry 0.631 N :

-:. STATOR INDUCTANCE mH L 0.0975 -:,
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: APPENDIX B RO

> K
- THE DAC CALIBRATION FOR VELOCITY CONTROL SYST:M e
Y : :&' g

4 R

2 ) S
? The DAC system was set to O to =10 volts output range. gﬁﬁ

4 RN
f. _l".-
:- If the system range is to be changed an adjustment in the zain N

) &f.’t
offset will be necessary. ..
.:: :::-'
- AKX
ij To adjust tne gain offset of the DAC the foilowing Qii
ol _-"».
procedure snould be applied.
E 1) Turn off the power of the motor.

: '
f 2) Turn on the power of the system. .
) -

‘ 3) Connect tune test point 'O’ to the ground. A
e
':. - ::_\_:-
2 O
ot 4) Adjust the P1 pot until -5.00 volts is snown. At
" ‘:“:-'

{ 5) Adjust the P2 pot until -5.00 volts is shown. fﬁ;
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APPENDIX C ::.:‘::::-:

ARTWORK FOR THE DIGITAL TACHOMETER AND PULSE WIDTH BN
MODULATOR CIRCUIT N
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> Tse DAC system was set to J to =10 volus output ran:za.
'~ Tae zain offset adjustment will pe necessary for 3004 systaw

cerformance.

I t."v
| ‘- y . P [~ - ~ . - Il -~ s -
" After pusning tne start button, CLae prosran wWill 33
:} Lo select an option for maxing calibrations. After selectias
I N . . . .
. tae calloration option, tae microprocessor sends tae sina.
.
“3 te tne DAC, Minus 4,90 volts snould oce seen frosn test psia:s
- 'Cr. If it 1s aot, tne Pl pot snould De adjusted.
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APPENDIX E
CHARACTERISTIC OF THE OPTICAL ENCODER
E i . . I3 -
Electrical Degrees:
1 shaft rotation = 360 mechanical degrees

N electrical cycles
360° electrical degrees.

1 ecyele

Position Error:
The angular difference between the actual shaft position
and its position as calculated By counting the encoder's

cycles.

Cycle Error:
An indication of cycle uniformity. Tne difference between
an observed shaft angle which zives rise to one electricail
cyecle, and the nominal angular increment of 1/N of 3 revo-

lution.

Phase:
Tne angle between the center of pulse A and thne center of

pulse B.

Index Phase:
For counter-clockwise rotation is illustrated above, tne

index phase is defined as

A

*; 13 the angle, in electrical degrees, between the faliing
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is tae angle,

CI)2
petween the rising edge of A and the

36

The Index Phase Error ( L } describes the change in the
Index Pulse position after assembly with respect to tne A
and B channels over the recommended operating condition

edge of I and falling edge of 3.

electrical degrees,
rising edge of I.
Index Phase Error
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N
~ MC 636613 OPERATION AND PROGRAMMING
g Prior to initiating data communications, the MC 636613
A
L« . , .
e operational mode must be programmed by performing write
."
N operations to the mode and command registers. Tne EPCI can
. be reconfigured at any time during the execution of tne
-
o
) program,
Fl
.l . i
- The MC 68661B register formats are summarized as follows:
:;: MODE REGISTER 1 (MR 1)
__: MR1? MR 18 MRS MR 14 MR13 MR1Z2 MRTT  MAITQ
.:‘ | Chacacter Mode ang Baud
-., ; Sync Async Panty Tyge Panty Control Length Rate Faclar
e ‘ Async: Stoo 8it Length
. 00 = lnvand 0 = Odn Q = Drsating 00 = S nus Q00 = Synnrrancus 1X rate
= ; Qv = 1 stop ont 1w Even t = Enadiea J1 = A s 91 = Asyncnroncus X rate
:.‘ : 10 = 1Y stop onsy 10 = 7 hay 10 = Asynchenanus 16X rare
ol 11 = 2 stog ois 11w 3 pne 11 ® Adyncnronous 54X rate |
. | Syne: | Syne
N ! Numoer ot | Transoarancy
= " STMenar ] Cantrol
e © 3 = Qovole Q = Normayy
. SYN | 1 = Teangparent
1 = Single l
_ SYN ALY
D - et
v e
~ - MGDE REGISTER 2 (MA2) -
‘ " MAZ7-MAT4 MA23-MA20 :'::;'-':1
o TG AsC Ping  Pim2s | TS RiC Pin9 Pin 25 Mode Baua Rate Selaction e
", 000 € € TS Al | 1000 € € XSTHC  AaC Moo Svic ‘:"..."’3
001 € ! LY 1 ‘001 E ! 1. 8KCET asvac K
3010 € L Ral Q19 | E YSYNC R.C yy0c e " !
." 2011 | 'X X Qn ) ' tx BXCET asvac See Dauq rates in tadie ! - g
. 310 € € Tal RsC 1100 3 € XSYNC Ase TC sync :
e 310t € ' e 18X 1101 3 1 Tal 8KDET asyne
'.. 2110 ' € 6X AsC Ty ) 3 XS rNC RaC yne
:.' it : "AX 14 ot I ! ‘6 BKOET asvnc
™~
COMMAND REGISTER (CR)
). [ cA? cRe i cns CRa I cRl | em2 cAY ' ¢ro |
" } [ | Aeceive 1 Traneem {A
o ‘ | Aequest Contros Oata Tesminme | Contrat |
o Oneraung Moas *a Sena | Reset Error I syne asyne (REEN Reaay LoTEm |
_\- X ® NOtMat et i 38 Farre TS 3 Normg Atync
R .. 34 = Adyac | 2610wl Riyn P om Hesat Foaice orean
r. Autimanc | 0w CI0en ne 000 s o Norma Q = Oisadie Q = Forca OTH Q = Oisanie
N :cno Mt altar Ta2f Aalaluy wpater [0 2 F uig Drean 1A Enaule Juiput Aign | = Enyole
Sene STH g e Seranciation FE ik 7€ TLE v e Force OTR
e Mtupag moune cafgce AT duten ) SulOul (Ve
. i B LaCal LD s .I Suluwl v
, .:' tl Tl s Aemaim g 3ack i
) '..' Svync
A .'j Seng OLE
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y APPENDIX G
: INTEL 8255A OPERATION AND PROGRAMMING
Tne Intel 82%55A contains three 3-bit ports (A, 8, and
)
. C). All can be configured in a wide variety of functional
&£
j characteristics by the system software. There are three basic
modes of operation that can be selected:
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[p.~
.
.
N Mode definition control word format is as follows:
- ) ____CONTRCL 080D RO
- 127106 [05 04 05 0, D. O N
. T -— 1 5R0UP 3 \ e,
. A ‘ L PORT C(LIWER) : sy
’ ! : L~ NPUT
. P i 9 - aythuT - -
L ! | i oo T FORT 3 ‘ e
oo — .~ weyr | -
- : b 0 - oUTRUT ‘;
o8 A T MCCT EZCCN |
B , . T.MODEC |
-, L . i - MODE | :
o 7 sRowp A
5 I T PCRT Z{UPPER) |
. : —— . < .NPUT '
. 2~ IuThPyT
ACART A
- -_— | - NPYT
. : 2~ dUTRYT :
i MODE SELZlTICN
L CQ-MCLE .
. 31-MODE |
22 -MQDE 2

MODE 3ET .36
- . =ACTIVE
—_—

Y
o . -
o 39 A

A BASRY

. Y
-

) S W
- N

1
.
<
s A

b
2 ety
af s

PR AR



2 LA Aas Y J . .Mu-.; Phl i g v [ hiy u-..f ', ’ A - .-.\\t. -... .\n-.-.-\‘-.‘c.-\-n\.

. AR A A A e AR . . e ®oL. LRI XA R
N N I DA N h AT IRy A A R PR E N .
..- )

A o N
a Ce
b .
. ¢
3
T- [
-. .
-o .--A
7 .
o n N3
o n & .’
, o o A
4 1 o
W o
. g - B
- © 3 R
P 3
] + .
A‘. r t Ay
" o 3
v o o R
. t .
M s [\]
N =]
() o -
. o L '
v s a ..A
14 > 7
w m ",
o v o
', S o
, o. o
. | of .
- o ‘
- < o
a s
e -h
/ 0 % X
s - .-.
. > o
, v g 24
’ o le) KN
-” < (e B ...;
. W 0 N
. n .
‘. w0 b= ....w
B o o . .
g ™ g @ g
hel ‘e
. ) n o S
" | o4 ot e K
o
I — v 3
, n 3
- Q. :
;" ' - c .\
. )] x A "
L. o "
s ® T S
. < ] ’
= o . o
.t e} ] * NG
. - "
7] ‘N
, - O K
. v
SEN
",
. .
AP .7V N (3 P, Ty L S 3 ~ N H Y R Y Y Tt e e Y CrY 1.7 N T Tat et et A et e e e i - s v e » P « o DR
ROGLE OO0y RN  XRET T XNNNEKNA TSI ( RENORAN  2QUSNNNL R SPYy - AT TRRARRAN. |00



AR R

v

Rt AP Db s

Caling

APPENDIX H
MAIN PROGRAM

Ve
Lan]
e 2%
O 1=
(a3 o. 2]
[ I o: P,
(@} n.
(i o (£ [ 3
[ [ ! [
(1) fr. o [} L
[£2) (A2
N N [ 3] >
[$H (A4 i (2] 0t [&]
[T B T U S ] n
(SR 77 72 &) F- o s
= [ — 2] v
— [4e] th ol -4 [t
o $a1 t & b
n, ! [ o (3] 1a4 [
= n v
tel t n? - e
oy ) i 3 1) n:
i3l 1 (4] 3 [ .3l
(2] O < (@] o b
v > > (] 3 (8]
[ e = Fo 5
B Ll el )t et
[ (78] 2] v vy wn [l
o
o .- .- .- .. .. .
n.
(@]
=
€ -
“ .
[t —
mn i H o
' o
N (50
«rt [ A% b o
T (SRR 10 sty e by b b e [N S}
~ e WO - MY eu O H W D h DI -
[ o NN N A A (e S o
— D AN D A M W A M MU R 6 U, o~ e~
’d
[a]
o
[
P v d R R} »1 }
(4] PLSIHIIN DD HDNIHDEH DD DM tIDH D M e vl =] vt
< CICPr e QPP POV G IO OGP IO NI (P OICIEIEILIEICIEICINILICTL L)L 1"t (31’ 2
A SIS SIC OIS ICEOED RTINS E TR RN NIYREIRTS N EYNET N ST 23 N2 I & PN IS IS RS IUS NS IS IR IV YO Y ISR INURTETS N0 BV ILAR BN B SR 4
o
e
e
Ve
v.
s
b ™
(SRt & [ SRR SN S . i
AN OOV E e 10022 i (N v -
LR 2 S | RN UY YL S5 A0 E)e ) ) [
Ot D, 2 3 PO IO A bl Ed P23 b 1o T iy o« «
e e e e e em e e (LB QL L BB D2 €230 313 LI UILIT 3T 5t 3] vt vd
AR
A *s'2 79 -1 "~ . . . . . . LR - = .- e e -
r T \d-d-,--!- -.-\..\\\- \.r- qf ..4-1 PRI I S -in-qq...--.-.-.l d .-qq-c... . -ns (f."-}-.-f ) .-a- . Y




-\$\\~1‘

ChANANA

4Ny

Pl
L)

44585

‘ .
[N .. ‘-

-

DA

P
PR SR
o

')
-

1)

3

I
te

Al
o)
1)

|

&

’5 ‘;‘1 A

[2adl Sad
[ S

3CINe 2 03 a0 =t F3 st ) Y.

O

PP
¢
(&)

L
[

e

t

O

AL N IEY EACILSA I EICI I L4 D0 CIp$ D+ It ? Cald

AR AL,
S E3 kg 20 €3 €1 % U4 e

(4
[

I
2IZtLL
4,(CHAR)
a.228%

1

Z,Lece2
A,(Cq83)
4,223

2

Z,STARTY
£ZACR
Lco1l
1Y.3EADE
ECaC
I1Y,SPACE
tCHO
[X,2X8D¢
£C32

1Y ,25AL7
ICED
[Y,dEADE
TCEC
1X,dEALS
gCic
A,7T8
(PPIN,A
SETCIAR

CI>d« 0
Oigs t
[N ]
RN
o
o

OM OIOMOMN NOMO
=1
-
(%)
e
~

Jile

O
3
-
t3
-
-

rs

o
t3
[
ry

s
e
je)
e
[y

o) IV e 10 et (e LI R4 19 8D

y.iceer?
I[T,C3AR
RICALL
AL,2Z23
(vLL1).A
SETCHAR
4,.C382)
IYX.Ca8AR
REZALL
r,zz8
fMr2Y,a
SITCHAR

v
2.

AL
SRR
PP
AR AR TR

Tr'¢
o &
[ ]

,
[

..-.
"
e
s Y Ty,

YA

LN N

TALTERATIION 2E83533.¢

Ny Ay
. -" r'. l.‘ S
r

4

*

ALIZRATION 280GZaM

-




hatply A OA ML S Syt AR St bl AR

k4
- 12 4, 7CZAR) § POSITIOMIASCITY ===> A
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’ z L.3¢E
. LD (bPoaD),3L
. o .2
L LIML1)
LD A
" 1L MPBAT), 3L
- CALL 788 ; MJLTIPLEXTION
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AT AL
Ll L,A
POS1a: Lt 0.2
L E.L
Ll L,lzg v 2.76 ZE3. POSITION LIVIT
L2 7,2 H
SIC il,lE
J? “, 3Pt i SPEED JCMMaNT
LZ A.2led
JE CONTY
SEP1: 9 4,2E€C8
conTL: Ll 3,2 i Cd=¢
Ll "PEIA), 4 ¢ SEIND SPEIFD ICvwaNT
L2 4,3
Lo PPIE),A i SEND 2IRECTION
WAITL o A,pP1C) i CBECE TIT ENCRIER

94

L I R e e,

L I T e A S

B} ENE A -t
‘!...‘A'.A"‘:" ata® e

PR WL K

A R R T Ut S N
S PR PSR VI IR AT TR TPV PR




vty S
’
- oa, \_ A,

LR eia e e \AFETEEIES
EAS AN (AR

PN
! N e Yy
XXX

o'}
A
b ]

o'
& < u

e

e
-‘.:-‘_
Ik
- - v
ANT 313 s
b NZL,WAITY )
. Je STa2I2 N
covaa DEZ iC i COINTERZLOCY WISE 3C72TIaw
Ll (AL, (228) ; LOAD POSITION
AND A i ILEAR FLAMS
Si0 ESA-Io i COMPARE TET POSITIN RS
P 253324 ' T O
LD 1.5 AT

(4

CPL ) 7 CCMPLEMENT

o

(]
ST
[

c2L i CCMPLEMENT

POS24: C

v e e e e

2
n

2.75 CEG. POSITION LIMIT

[

_.
3
Banme e =

Qe =

SPEED COvMaND

1Y
-
o
.
L]

3 O o
~

DN (MO g

SIP2: L
CCNT2: L

@
A

CH=¢
SEND SPEEL CLCMMANT

e .
—
S
£
.. me
.-
A
v

7
5554

.

SENL DIRECTICM
CIECK THT ENCOTER

'O
0w
e —
e
e lgm
l

[

B~ 'O O N 2 N A Y e e
3
‘e f

3

T
s,/

'3
[aN]
".':‘. Yy

vAcd .
(3 I3 - I oo
-3
D

v

13

[£ SN

E1 O,
'3
«
*,
n
to
[Xiaadi N

Clw=1l
CLOCZ W

H

ez

(&)

“

4

>

ne

=]

o

(]
U e
vd e 10

O td
(% K e

-
4
[3)
3.
%)
[3V)
c
ts
PO 2 R 2 I (N Z O i o~ g e €D e T
It
3=

PR

1 ro.

Pl i COMPLEMENT

[

(]

-

TR
{

f

v .".-
n?v s ~NAMPTTMENS o
vrL ¢ JOMPLIMINT S
AL L S
nZ T N

osa i3 Ila e
Lo Lo -
hibe) T oaa - L
P “yecH vo2.78 g DISITION TLIMIT .
Lo z.2 ;

Ry

ToMMANT

v
Lo
-
[ a4

N
o
-'-‘-

.

.« e
LR
»

RS AP

. .
P

.
[

R |
e 'y



AD-AL73 997 IRUSHLESS DC MOTORS VELOCITV AND POSITION CONTROL OF
T BRUSHLESS DC MOTORCV) NRVRL POSTGRADUATE SCHOOL

E EY CA N ¥ DURUSU JUN 8
UNCLASSIFIED

F/G 18/2

2/2

NL




D Ak R PR DR T S )

RGeS S St ol e L S I S R IR

2 iz

'*
——
———
———

—
»

- .
B

[ — N 3.2
1 = . o Iz
[ 3]
3
[N
[

e [l22

—_—
———
——
—_—
.
rer
r
e

— L

g - IENT

‘e

MICROCOPY RESOLUTION TEST CHART
NATIONAL KUREAU OF STANDARDLN 196 A

o0
o .

#

U4

D
.

| |

o« e -
o

50t

4

I.f 1 4
2%y

PP
. o fale) e
LN A R

. -
)

al ¥

s

Y
e .
AR

a

b




- [ - Wow o - - - ~ WL » u'. - W a
&, -7 *
W, -
o, *
w, °
<
<4
L4
R d
q
%)
~
¥
1 ]
o SIP2 LT 4 .2E€2
, CONT2 1o 2,1 HEllo £31
LI (FPIA),A ? SINL SPEED COMMANT
a LD ALB
- ) LT (PPIZ),A i SEND DIRECTION
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A (PPIA&),A i SEND SPEED COM™AND -
LD ALH : 77
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3ITAD7: ol €2,LF," - TO0 S§OULC SEE -4,.38 73LTS “,CR,LF,"$”°
HEADE: DE CR,LF,” = IF {CU DC NCT, ADJUST WITH £2 Z 220 “,CR,LF.’
AFALS: DE CR,LF,’ = IF {CU ARF DONF SIT T35 BETURY “,C3,LF, %"
BZAT12: b C&,LF, " PCSITIOY SCMTRCL PROGRAY =7, CR,LF, 37
4EADL1L: re C®,LF, ” = ENTE® THE POSITION IN COUNTS °,l3.L7,"%°
gF4C12: : CR,LF, = MAXI¥OM 333 COUNTS ( 352,¢4 DIGEEES’,l2,LF, S
JFADL3: DE CR,LF,” - FNTER IN TEREE DIGITS (212 °,22,.F, %7
9EADLG: DE C2.LF,” = 2IT 79T BETURN °,CR,LF, "¢’
SPACE: TE CR,LF, . ,C2,LF, %" -
UEL: DB CR.LY,’INTZR 13T POSITION [N COUNTE 7227 7,23,LF,"¢
SUEZA: DR CRLLF.ENTIP 73T TI3ECTION',CR,LF, s’
JUE2B: TE 3R,LF,°CY = 2 2C¥ = Lt 7,22,.7,°¢°
SONM: b} CR,LF, MOTOR AT T3z FIVEN POSITION’,CR,LF.’$’
FRPCR: T S9.LF,’I930R t11 TRy AGAIN’,CR,LT, "¢
COGN: nE CR,LF, “+++ POSITION +++’,28,L7,6 "%"
Fl: T2 CR,LF, "REALY TC SIND CCONT',CR,LF, "¢’
R2: o CR.LF, "COUNT 9aS SENT,CR,LF.,$~
’
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; SU220J 1 1NES:¢S
;
JETCHAR: LD A, ESTAT} 7387 EPCI STATHS
AND 2 $1S 4 CHARACTTR ONTERED ?
JR Z,GETCIAR $9C, CREST aGAIN
1A A, (ECATA® iTES, SET CTARACTER
LD (c3a2),4 . $STORE IN & . -
ET ot ]
! Sl
‘. .::\';' :
: RN
TCEC Ll L,(ESTAT 53ET EFJI STATUS St
AND 1 ;IS EPSI AEADY ? Nt
JR Z,ECH) 70, CEEZCY AGAIN '
LD A,{IX) $LCAD MESSAGE
cP ‘8’ ;CHECK THE LAST C9ARACTER
Jo Z,71IN ;LAST CSARACTER
LD (EDATY),A ;SENC CHARACTER
INC X iNEXT CBARACTER
JB 5C3C $XMIT NEXT CTARACTER
FIN AET
;
?
~ RECALL: LD A (ESTAT® ;3ET EP2D STATUS
ANC 1 $IS EPS1 REALY ?
JR Z,R3CALL iM0, CHTCK AGAIN
LD 1,{1X) 7LOAD STARACTER
L (SDATA), A 7STND CHARACTER
) RET PP
L -...-{ -
i :J-_:J'-"
: !
H \"' 4""
cpvea: LD BC, (MPRAT) o
LD B,E 2
LT DE,(MPDAT) -
LD 0,3
LD 81,2
MULT: SRL c
JR NC,NOATD
ADL I1,IE
NOADLD: SLA E
RL T
DF2 B
JP NZ.MULT
LD (RESAD), 2L
RET
e 27
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